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ABSTRACT
The objective of this experiment was to explore the ef-
fects of different dietary neutral detergent fiber sources 
within diets of high-producing dairy cattle with low or 
high starch concentrations on milk yield and composi-
tion, dry matter intake (DMI), total-tract digestibility, 
nitrogen (N) partitioning, and rumen function and 
health. Holstein-Friesian cows in early- to mid-lactation 
(n = 12; 666 ± 67 kg of body weight at the start of 
the experiment) and dry cannulated Holstein-Frisian 
cows (n = 4; 878 ± 67 kg of body weight at the start 
of the experiment) were used in multiple 4 × 4 Latin 
square design experiment and were offered 4 different 
diets. The treatments were 50:50 forage-to-concentrate 
diets within a total mixed ration (TMR) consisting, on 
a dry matter (DM) basis, of 42.4% grass silage as the 
main forage, 7.6% chopped untreated wheat straw, or 
sodium hydroxide (NaOH) wheat straw pellets, known 
as nutritionally improved straw (NIS), and 50.0% of 
1 of 2 different concentrates with low or high starch 
level (TMR starch level of 16.0 vs. 24.0% of DM, 
respectively). Four experimental periods were used, 
each consisting of a 21-d adaptation period and 7 d of 
sampling. Dry matter intake and milk yield were both 
affected by the type of straw included in the diet. A 1.6 
kg/d higher DMI was seen when NIS was fed compared 
with untreated straw, resulting in a 1.7 kg/d higher 
milk yield. Milk protein concentration was affected by 
straw type and starch level, and it was 4 and 3% higher 
when NIS and high-starch diets were fed, respectively. 
Diets with NIS were more positively effective when fed 
with low levels of starch. These results illustrate that 
feeding NIS to high-producing lactating dairy cows fed 
low or high starch concentrations has a positive effect 
on performance.
Key words: neutral detergent fiber, nutritionally 
improved straw, starch
INTRODUCTION
High-producing dairy cattle have large nutritional 
demands to meet performance and production require-
ments during lactation. Increased concentrations of 
starch in their diets are typically supplied, to meet en-
ergy requirements (Boerman et al., 2015). The dietary 
starch content for a high-producing dairy cow diet aver-
ages 22 to 24% of ration DM (Duffield et al., 2008; Van 
Amburgh et al., 2015), yet the inclusion can vary based 
on the energy demands placed on the herd or cow and 
the animal’s stage of lactation (Boerman et al., 2015; 
McCarthy et al., 2015). However, diets with large quan-
tities of high-starch concentrates can potentially affect 
rumen health and function (Calsamiglia et al., 2012; 
Humer et al., 2018). Increased levels of rapidly ferment-
able starch in the diet can increase the production of 
VFA in the rumen beyond its absorption and buffering 
capacity, resulting in a reduced ruminal pH (Dijkstra et 
al., 2012). This can result in subacute ruminal acidosis 
(Plaizier et al., 2008) or depressed feed intake due to 
increased levels of propionic acid (Allen et al., 2009). In 
most cases higher dietary starch levels result in lower 
NDF levels (Hatew et al., 2015; Albornoz et al., 2019). 
Taking into account the importance on rumen health 
and function not only of physically effective fiber in the 
TMR (Humer et al., 2018) but also of the NDF content 
and its degradation rate (Dijkstra et al., 2012), it may 
be suggested that slowly degradable NDF may result in 
an optimal rumen balance to maintain a suitable and 
efficient rumen metabolism.
A common source of NDF used in lactating dairy cow 
diets in the UK is wheat straw (Moorby et al., 2006, 
2009, 2016); however, compared with other forages, 
straws have a higher NDF content and slower degrada-
tion rate (Raffrenato et al., 2019), and this may reduce 
DMI. Indeed, a positive relationship between NDF 
sources with a faster degradation rate and DMI exists, 
due to the reduced physical fill in the rumen over time 
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allowing a higher voluntary feed intake (Van Soest, 
1994; Mertens, 2005). Past studies have reported that 
supplying lactating dairy cows with NDF sources that 
have been chemically treated with sodium hydroxide 
(NaOH) resulted in increased DMI, milk yield (Canale 
et al., 1988), and milk protein and fat content, compared 
with untreated sources (Jami et al., 2014). Nutrition-
ally improved straw (NIS) is also an NaOH chemically 
treated product that is made by chopping and grinding 
straw into a coarse meal and adding a small amount 
of NaOH (Sundown Products Ltd., Huntingdon, UK). 
Therefore, the objective of this study was to investigate 
the effects of NIS addition, compared with untreated 
straw, in diets with different starch levels on perfor-
mance of dairy cows. We hypothesized that replacing 
untreated straw with NIS in the diets of lactating dairy 
cows, especially in those with a high starch concentra-
tion, would result in higher milk production, due to 
the inclusion of NIS in diets potentially improving fiber 
digestibility and, thus, rumen environment, allowing for 
maximized energy intake from high-starch diets, result-
ing in improved performance.
MATERIALS AND METHODS
Animals and Experimental Design
A multiple 4 × 4 Latin square experimental design 
was used to address the objective of the study. The 
study consisted of 2 trials (trial 1: lactation; trial 2: 
rumen function). Twelve mid-lactation Holstein cows 
from Aberystwyth University’s Trawscoed Farm herd 
(averaging 114 ± 19 DIM and 666 ± 67 kg BW; Aberys-
twyth, UK) were enrolled in the lactation trial, and 4 
dry ruminally cannulated Holstein cows (averaging 878 
± 67 kg BW) were enrolled in the rumen function trial. 
Three squares were used for the lactation trial, and 2 of 
these were used for digestibility measurements. For the 
rumen trial, 1 square of cows was used; all experiments 
occurred simultaneously, so that the same feed could be 
offered to all animals on the same treatments. All cows 
underwent a 2-wk pre-adaptation period, housed in 
tiestalls, consisting of 1 wk during which the required 
amounts of a compound concentrate feed composited 
from both experimental concentrates (50:50 on a DM 
basis) were gradually introduced into the diets, because 
cows were previously fed lower amounts of concentrate. 
The second week consisted of collection of milk yield, 
BW, and DMI measurements for the cows of trial 1. 
The lactation-trial cows were ranked and allocated in 
squares, based on individual milk yields (the top 4 high-
est yielders in Latin square 1, next 4 in square 2, and so 
on). Once assigned to a square, each cow was assigned 
a treatment at random. The trial consisted of 4 experi-
mental periods, where each had a duration of 21 d for 
adaptation and 7 d for sample collection. Once each 
experimental period was completed, cows then began 
a new treatment directed by the Latin square design. 
The sequence of treatments was balanced for carryover 
effects, with each treatment preceded by every other 
treatment an equal number of times (Hinkelmann and 
Kempthorne, 2008). All cows were housed in tiestalls 
for the duration of the experiment.
A 2 × 2 factorial experimental design was used. The 
2 factors investigated were as follows: (1) starch level 
at 16.0 versus 24.0% of DM, and (2) inclusion or non-
inclusion of NIS to replace untreated straw. This design 
resulted in the following 4 treatments: low starch + 
untreated straw (designated in tables as LSTR), low 
starch + NIS (LNIS), high starch + untreated straw 
(HSTR), and high starch + NIS (HNIS). The exact 
experimental diets were formulated (Table 1) using the 
Cornell Net Carbohydrate and Protein System (Van 
Amburgh et al., 2015). The NIS product comprised 
pelleted NaOH-treated wheat straw, and the required 
amounts of NIS and untreated straw were obtained from 
the same source (Sundown Products Ltd.), to ensure 
similar initial chemical compositions. To facilitate mix-
ing and to ensure homogeneity between experimental 
periods, the 2 concentrates were produced as a single 
batch of pellets at the beginning of the experiment 
(Wynnstay Ltd., Llansantffraid, UK). The 2 commer-
cially produced concentrate pellets were prepared by 
grinding the constituent ingredients to pass through a 
screen with holes of 3.2-mm diameter. The NIS pellets 
were prepared by grinding and treating wheat straw, 
with the particles in the finished pellets having an 
average particle size of approximately 2.7 mm (David 
Cubitt, Sundown Products Ltd., personal communi-
cation). The ryegrass used to prepare the silage was 
harvested using a conditioner mower set to produce a 
chop length of approximately 20 mm. The mixer wagon 
used to prepare the TMR had chopping blades, mean-
ing that the untreated straw was chopped to a mean 
length of 2.9 (SD = 1.8) cm. The chemical composi-
tions of forages and concentrates offered are presented 
in Table 2. All components of the diet (grass silage, NIS 
or straw, and concentrate) were mixed 3 times a week 
and stored at 4°C to preserve nutritional composition, 
and then fed as a TMR once daily (0800 h) allowing 5 
to 10% refusals.
Sample Collection
Feed samples (300 g) of grass silage, NIS, straw, and 
low- and high-starch concentrates that were used to 
create the TMR were collected weekly and compos-
ited on a per-period basis to be analyzed for nutrient 
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composition. Additionally, samples of the TMR offered 
(300 g) for each treatment were collected for 3 consecu-
tive days during the sampling period and individually 
composited on a per-period basis for analysis of nutri-
ent composition. Refusals samples (300 g) of the TMR 
offered were collected for 3 consecutive days during the 
sampling period on a per-cow and -period basis. All col-
lected feed samples were stored at −20°C until further 
laboratory analysis.
Rumen fluid samples were collected from all cows 
in the lactation and rumen experiments, to measure 
ruminal fermentation characteristics. Rumen fluid (250 
mL) was collected from all cows in the lactation trial 
with a stomach tube (Ruminator, Profs-Products, Wit-
tibreut, Germany) prior to feeding on the last day of 
each experimental period. Rumen fluid samples from 
the rumen trial cows were collected for 3 consecutive 
days during each sampling period. Samples of 250 mL 
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Table 1. Ingredient and nutrient compositions (% of DM unless noted) of experimental diets1
Item LSTR LNIS HSTR HNIS
Ingredient     
 Ryegrass silage 42.4 42.4 42.4 42.4
 Straw 7.6 — 7.6 —
 NIS — 7.6 — 7.6
 Wheat, rolled ground 22.0 22.0 37.5 37.5
 Corn, distilled dark spirits 5.4 5.4 1.7 1.7
 Soybean meal 3.5 3.5 4.4 4.4
 Soy hulls 0.5 0.5 0 0
 Soy pass 1.2 1.2 0.4 0.4
 Canola meal 2.7 2.7 2.8 2.8
 Molasses 3.4 3.4 0.5 0.5
 Beet pulp, dry 9.2 9.2 1.3 1.3
 Megalac2 1.1 1.1 0.2 0.2
 Limestone, ground 0.3 0.3 0.5 0.5
 Sodium bicarbonate 0.1 0.1 0.3 0.3
 dl-Methionine 0.1 0.1 0.1 0.1
 dl-Lysine 0.3 0.3 0.1 0.1
 Mineral-vitamin 0.2 0.2 0.2 0.2
Nutrient composition3     
 DM, % 50.0 50.1 50.2 50.0
 CP 15.9 16.0 15.7 15.8
 WSC 7.85 7.84 7.04 7.03
 NDF 42.3 42.1 40.3 39.5
 Starch 15.7 15.8 25.3 25.4
 EE 3.49 3.46 2.54 2.51
 ME,4 MJ/kg of DM 10.5 10.6 10.7 10.8
1Average nutrient composition of experimental diets fed to 16 cows in a 4 × 4 Latin square design with 28-d 
periods. Values based on nutrient composition of TMR sampled each period. LSTR = low level of starch 
supplemented with straw; LNIS = low level of starch supplemented with nutritionally improved straw (NIS); 
HSTR = high level of starch supplemented with straw; HNIS = high level of starch supplemented with NIS.
2Volac Wilmar Feed Ingredients Ltd., Hertfordshire, UK.
3WSC = water-soluble carbohydrates; EE = ether extract.
4Calculated using the Cornell Net Carbohydrate and Protein System (Van Amburgh et al., 2015).
Table 2. Chemical composition (mean ± SD) of forages and concentrates used in the experiment1
Item2 Grass silage Straw NIS LSCON HSCON
DM, % 35.1 ± 1.5 94.2 ± 0.4 97.7 ± 0.9 95.6 ± 0.4 96.1 ± 1.1
CP, % of DM 12.9 ± 0.6 3.5 ± 0.3 4.8 ± 0.3 19.7 ± 0.4 19.5 ± 1.2
Soluble N, % of CP 64.1 ± 5.9 — — — —
Starch, % of DM 1.3 ± 0.4 0.5 ± 0.2 1.4 ± 0.3 30.3 ± 2.8 49.4 ± 5.2
NDF, % of DM 57.7 ± 2.8 87.4 ± 0.4 77.1 ± 1.4 21.3 ± 1.7 16.1 ± 2.9
WSC, % of DM 7.3 ± 0.5 1.3 ± 0.2 1.2 ± 0.1 9.0 ± 0.4 7.3 ± 0.5
EE, % of DM 2.83 ± 0.30 1.37 ± 0.14 1.00 ± 0.08 4.25 ± 0.44 2.35 ± 0.07
1Average nutrient composition of forages and concentrates included in the experimental diets fed to 16 cows in a crossover design with 28-d 
periods. Values based on nutrient composition of individual collection of samples each period. NIS = nutritionally improved straw; LSCON = 
low-starch concentrate; HSCON = high-starch concentrate.
2WSC = water-soluble carbohydrates; EE = ether extract.
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were collected via previously fitted rumen cannulas at 
specific time points relative to feeds offered: 0, 2, and 8 
h after morning feeding. The collected rumen fluid for 
both trials was filtered through a double layer of cheese-
cloth to remove any feed particles. The pH was then im-
mediately measured, and 2 subsamples were collected. 
The first subsample was 0.8 mL of rumen fluid pipetted 
into a microcentrifuge tube and diluted with 0.4 mL 
deproteinizing solution (200 mL/L of orthophosphoric 
acid containing 10 mmol/L of 2-ethylbutyric acid as an 
internal standard) to later analyze the VFA concentra-
tion of the sample. The second subsample was 0.8 mL 
of rumen fluid pipetted into a microcentrifuge tube and 
diluted with 0.48 mL of trichloroacetate (25 g/L) to 
later analyze the ammonia nitrogen (NH3-N) concen-
tration of the sample. Each subsample was stored at 
−20°C until later analysis.
Milk yield and composition were analyzed for the 
cows in the lactation trial. The cows were milked twice 
a day (0630 and 1630 h), and milk yield was recorded 
for 3 consecutive days during each sampling period be-
fore the start of the digestibility measurement period. 
During these days, milk samples of approximately 50 
mL were collected during each milking and mixed with 
a milk preservative (bronopol) and stored at approxi-
mately 4°C until later analysis. Daily milk yield and 
composition was averaged per cow and period. Follow-
ing milk yield sampling, the 2 squares in the lactation 
trial allocated to the digestibility and nitrogen (N) par-
titioning measurements underwent additional sample 
collections for 4 consecutive days. Additional milk yield 
measurements for the 8 cows were recorded and 5-mL 
samples taken per milking on a per-cow, per-day, per-
period basis; samples were composited and stored at 
4°C without preservatives until further analysis. Each 
cow also had a urine and feces separator applied exter-
nally for 4 consecutive days during each sampling pe-
riod (Moorby et al., 2000; Miller et al., 2001). Briefly, a 
rubberized cloth urine separator was attached over the 
vulva using hook-and-loop fastenings temporarily glued 
to the skin of the cow using contact adhesive, with 
a tube leading to a urine collection container. Feces 
was collected into a wheelbarrow behind each cow us-
ing a rubberized cloth chute held in place using straps 
connected to a girth strap on the cow and a metal 
framework behind the animal. The urine and feces 
separators provided the ability to measure total out-
puts of excreta, and aliquots of urine (0.1%) and feces 
(5%) were collected for further analysis. Urine samples 
were collected into 1.5 L of 2 mol/ L sulfuric acid, with 
subsamples collected and composited daily throughout 
the collection period; these were stored at 4°C and ana-
lyzed immediately at the end of each sampling period. 
Feces subsamples were collected and stored in sealed 
containers at approximately 4°C each day; composite 
samples for each cow were thoroughly mixed at the end 
of each sampling period and subsampled for immediate 
analysis for N concentration. Additional subsamples 
of composite fecal samples collected from each animal 
were frozen for subsequent analysis.
The feeds offered and refused were recorded for all 
cows in the digestibility squares during the 4 d of the 
sampling period; samples of 300 g each were compos-
ited for each cow and period and stored at −20°C for 
laboratory analysis. Body weights and BCS (Edmonson 
et al., 1989) for all cows in the lactation trial were 
measured at the beginning of each experimental period 
and the last day of each sampling period for additional 
monitoring purposes and analysis of treatment effect.
Sample Analysis
All analyses (except for urine and feces N) were 
carried out using freeze-dried material; samples were 
dried to a constant weight to determine freeze-DM 
content. Once freeze-dried, the samples were ground 
to pass through a 1-mm sieve and then analyzed for 
NDF, water-soluble carbohydrate (WSC), starch, and 
ether extract, to determine the composition of each diet 
and feed. Sample ash concentration was determined by 
combustion at 550°C for 6 h in a muffle furnace. Total 
N concentration was determined using a Leco FP 428 
nitrogen analyzer (Leco Corporation, St. Joseph, MI) 
and expressed as CP (total N × 6.25) concentration. 
Fiber analyses were carried out using Fibertec equip-
ment (Tecator Ltd., Thornbury, Bristol, UK). Neutral 
detergent fiber, assayed with a heat-stable amylase and 
expressed inclusive of residual ash, was determined as 
described by Van Soest et al. (1991). Water-soluble 
carbohydrate concentrations were determined spec-
trophotometrically using an auto-analyzer (SEAL 
Analytical Ltd., Southampton, UK) as described by 
Thomas (1977). Starch concentration was determined 
as the difference between the initial WSC concentra-
tion and WSC concentration (as glucose) determined 
after boiling in water and subsequent hydrolysis with 
amyloglucosidase (Sigma-Aldrich Co. Ltd., Poole, UK). 
A coefficient of 0.9 was used as a factor for convert-
ing measured glucose release into the original starch 
concentration. Briefly, 0.4 g of sample was refluxed in 
80 mL of deionized water for 30 min, 20 mL of cold 
acetate buffer (comprising 40% vol/vol 1 M sodium ac-
etate and 60% vol/vol 1 M acetic acid) was then added, 
and the mixture was allowed to cool for 20 min. This 
was then shaken for 1 h following addition of 10 mL of 
amyloglucosidase solution (1 g in 100 mL of deionized 
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water). This solution was then made up to 250 mL and 
filtered, and a portion of the filtrate was analyzed for 
WSC concentration (Thomas, 1977).
Rumen fluid samples collected from both trials to 
determine VFA composition were analyzed using gas 
chromatography as described by Zhu et al. (1996). All 
rumen fluid samples collected for NH3-N concentration 
were determined enzymatically using glutamate dehy-
drogenase on a discrete analyzer (FP-901M Chemistry 
Analyzer, Labsystems Oy, Helsinki, Finland; test kit no. 
66-50, Sigma-Aldrich Co. Ltd.). The 50-mL preserved 
(bronopol) milk samples collected from all cows in the 
lactation trial to determine milk composition were ana-
lyzed using near-infrared analysis (National Milk Labo-
ratories, Chippenham, UK). The additional 5-mL milk 
samples collected from the 8 cows in the digestibility 
trial were analyzed for N content from a fresh sample 
using a Leco FP 428 nitrogen analyzer (Leco Corpora-
tion) to further determine feed N partitioning into milk. 
Frozen fecal samples were freeze-dried, ground through 
a 1-mm sieve, and analyzed for NDF, starch, and WSC 
as described for the feed samples.
Calculations for Total-Tract Digestibility  
and N Partitioning
To determine digestibility, the following equation was 
used:
 Digestibilityj (%) = (intakej − fecal flowj)   
× 100/intakej,
where j = DM, N, NDF, starch, or WSC.
For N partitioning, the following equations were used:
 Milk N (g/d) = milk yield (kg/d)   
× milk N (%)/100 × 1,000;
 Fecal N (g/d) = fecal DM flow (kg/d)   
× fecal N (%)/100 × 1,000;
 Urinary N (g/d) = urine weight (kg/d)   
× urine N concentration (%)/100 × 1,000;
 N balance (g/d) = N intake   
− (milk N + fecal N + urinary N);
 Milk N use efficiency (%) = milk N/N intake × 100. 
Statistical Analysis
All statistical analyses were conducted using JMP 
(version 13; SAS Institute Inc., Cary, NC), and results 
were analyzed using a mixed effects model. The model 
accounted for fixed effects of starch level (low and 
high), straw type (NIS and straw), interaction between 
starch level and straw type, period (1 to 4), and square 
(1 to 3 for lactation data and 1 to 2 for digestibility). 
The random effect of the model was the animal (1 to 12 
for lactation trial, 1 to 8 for the digestibility measure-
ments, and 13 to 16 for the rumen trial). Moreover, 
for rumen fermentation characteristics of the rumen 
trial, the model included the hour of sampling relative 
to feeding (hour: 0, 2, or 8) as a fixed effect. Differ-
ences between means of treatments were tested using 
the Tukey option when a significant interaction was 
identified, and statistical significance was declared at P 
< 0.05 and tendency at 0.1 ≤ P ≥ 0.05.
RESULTS
Animal Performance
The DMI for the rumen trial is presented in Table 3. 
The straw type included in the diet affected the DMI, 
resulting in a 0.7 kg/d increase when fed NIS compared 
with straw. However, starch level did not have an effect. 
The DMI for the lactation trial increased by 1.6 kg/d 
when fed NIS and 1.5 kg/d when low-starch diets were 
fed (Table 4). Additionally, a tendency of interaction 
between the straw type and starch level of the diet was 
detected; when low starch + NIS was fed, DMI tended 
to be 3.2 kg/d higher compared with when high starch 
+ untreated straw was fed.
Milk yield was on average 25.9 kg/d, and it was 
affected by straw type (P = 0.01; Table 4); diets in-
cluding NIS resulted in a 1.7 kg/d higher milk yield. 
The inclusion of NIS in diets resulted in increased milk 
protein and lactose yields (9.9 and 8.6%, respectively) 
and a tendency for higher milk fat yield compared with 
untreated straw diets. Starch levels of the diet affected 
fat yield, increasing levels by 0.06 kg/d in low-starch 
diets. Milk protein content was increased when NIS was 
fed, but fat content remained unaffected. High-starch 
diets increased milk protein content by 2.7% compared 
with low-starch diets; starch level did not affect fat or 
lactose levels. Furthermore, MUN averaged 6.26 mg/
dL and was not affected by treatments. The interaction 
between straw type and starch level were not significant 
for any variables measured.
Hanlon et al.: NUTRITIONALLY IMPROVED STRAW IN DAIRY COW DIETS
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Ruminal Fermentation Characteristics
The effects of straw type and starch level of the diet 
on ruminal pH, VFA concentration, and NH3-N con-
centration for the rumen trial is presented in Table 3. 
Mean ruminal pH and NH3-N concentration were not 
affected by straw type or starch level. Prior to feeding 
(0 h), the total VFA concentration and profile were also 
not affected. At 2 h relative to feeding, the total VFA 
concentration average was 91.7 mM and was affected 
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LSTR LNIS HSTR HNIS STR STA STR × STA
DMI, kg/d 8.94 9.42 8.96 9.81 0.64 <0.001 0.11 0.17
Rumen fermentation characteristics2         
 0 h after feeding         
  pH 6.94 6.96 7.04 7.00 0.04 0.25 0.33 0.91
  NH3-N, mg/100 mL 5.99 5.83 5.95 5.73 0.76 0.62 0.86 0.63
  VFA, mM 73.6 63.8 69.4 76.6 8.72 0.84 0.52 0.22
  VFA profile, mol/100 mol         
   Acetate 67.4 67.1 65.8 64.8 2.59 0.82 0.48 0.89
   Propionate 15.0 13.2 14.4 15.4 2.13 0.84 0.70 0.50
   Butyrate 14.9 14.0 14.0 16.7 1.1 0.60 0.52 0.28
   BCVFA3 1.57 2.58 2.24 1.68 0.48 0.98 0.83 0.36
 2 h after feeding         
  pH 6.42 6.50 6.46 6.42 0.04 0.25 0.33 0.91
  NH3-N, mg/100 mL 17.5 17.2 17.3 17.2 0.8 0.62 0.86 0.63
  VFA, mM 79.7b 90.1ab 106.8a 90.2ab 5.4 0.56 0.03 0.03
  VFA profile, mol/100 mol         
   Acetate 64.8 57.0 60.9 58.2 2.4 0.04 0.51 0.25
   Propionate 15.5 21.2 19.5 17.5 1.8 0.29 0.95 0.05
   Butyrate 15.0 14.9 15.2 18.5 1.6 0.36 0.28 0.33
   BCVFA 2.08 2.66 1.49 2.41 0.22 <0.01 0.04 0.35
 8 h after feeding         
  pH 6.21 6.32 6.18 6.24 0.04 0.25 0.33 0.91
  NH3-N, mg/100 mL 7.50 6.83 6.96 7.25 0.76 0.62 0.86 0.63
  VFA, mM 79.4 83.2 88.0 98.1 5.0 0.26 0.08 0.60
  VFA profile, mol/100 mol         
   Acetate 63.9 59.8 61.0 57.0 2.9 0.24 0.39 0.99
   Propionate 15.2 19.5 17.2 19.8 2.0 0.14 0.60 0.71
   Butyrate 16.9 15.5 16.7 18.2 1.2 0.97 0.40 0.36
   BCVFA 1.76 1.58 1.52 2.01 0.27 0.60 0.75 0.28
a,bWithin a row, means without a common superscript differ (P < 0.05).
1LSTR = low level of starch supplemented with straw; LNIS = low level of starch supplemented with nutritionally improved straw (NIS); HSTR 
= high level of starch supplemented with straw; HNIS = high level of starch supplemented with NIS.
2Differences in hours are statistically significant (P < 0.001) for both pH and NH3-N, with no interaction with experimental factors.
3BCVFA = branched-chain VFA.





LSTR LNIS HSTR HNIS STR STA STR × STA
DMI, kg/d 18.1 20.4 17.2 18.2 0.4 <0.001 <0.001 0.07
MY, kg/d 25.3 27.5 24.9 25.9 1.1 0.01 0.09 0.32
Protein, kg/d 0.80 0.91 0.81 0.87 0.03 <0.001 0.42 0.16
Fat, kg/d 1.02 1.09 0.97 0.99 0.05 0.08 <0.01 0.34
Lactose, g/d 1.17 1.28 1.14 1.21 0.04 <0.01 0.11 0.42
Milk composition         
 Protein, % 3.17 3.33 3.29 3.39 0.07 <0.01 0.04 0.52
 Fat, % 4.08 4.00 3.88 3.91 0.14 0.81 0.21 0.63
 Lactose, % 4.61 4.66 4.59 4.71 0.06 0.06 0.70 0.41
 MUN, mg/dL 6.07 6.59 6.27 6.12 0.31 0.96 0.14 0.11
1LSTR = low level of starch supplemented with straw; LNIS = low level of starch supplemented with nutritionally improved straw (NIS); HSTR 
= high level of starch supplemented with straw; HNIS = high level of starch supplemented with NIS.
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by the starch level of the diet, increasing by 13.8% in 
high-starch diets. The interaction between straw type 
and starch level also significantly affected VFA concen-
tration (P = 0.03), where higher VFA concentrations 
were observed for NIS-fed diets only at the low-starch 
level. Moreover, the inclusion of NIS resulted in a 
decrease in acetate concentration and an increase in 
branched-chain VFA concentrations compared with 
untreated straw at 2 h relative to feeding. At 8 h rela-
tive to feeding, no significant differences were detected 
between ruminal fermentation characteristics, with the 
exception of total VFA concentrations, which tended 
(P = 0.08) to increase with higher starch levels. The ru-
men characteristics for the lactation trial at 0 h relative 
to feeding are presented in Table 5. The average NH3-N 
concentration was 3.3 mg/100 mL, and low-starch diets 
increased levels by 0.9 mg/100 mL compared with high-
starch diets. The total VFA concentration and profile 
were not affected by straw type or starch level of the 
diet, except for the butyrate concentration (P = 0.01), 
which was higher in low-starch diets.
Total-Tract Digestibility and N Partitioning
Intake, fecal flow, and digestibility of DM, NDF, 
starch, and WSC are described in Table 6. The intake 
of DM had trends similar to those shown in Table 4; 
however, they are different in numbers due to differ-
ent days and Latin squares used for the digestibility 
measurements. Low-starch diets and diets with inclu-
sion of NIS resulted in an increase of DM fecal outflow. 
However, untreated straw resulted in a 2.7% increase 
in DM total-tract digestibility. The NDF intake, fecal 
flow, and total-tract digestibility were all significantly 
affected by straw type; intake and fecal flow were 
seen to be higher when NIS was fed compared with 
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LSTR LNIS HSTR HNIS STR STA STR × STA
pH 6.93 7.01 7.07 7.09 0.04 0.21 <0.01 0.42
NH3-N, mg/100 mL 3.57 3.82 3.00 2.67 0.29 0.87 <0.001 0.20
VFA, mM 51.3 56.5 50.1 47.9 3.7 0.67 0.18 0.31
VFA profile, mol/100 mol         
 Acetate 66.7 62.7 63.8 60.4 2.3 0.16 0.31 0.90
 Propionate 15.6 19.4 20.2 21.8 2.3 0.27 0.16 0.64
 Butyrate 14.8 15.1 11.9 12.3 1.0 0.76 0.01 0.97
 BCVFA2 4.00 2.81 4.32 5.80 0.92 0.88 0.10 0.18
1LSTR = low level of starch supplemented with straw; LNIS = low level of starch supplemented with nutritionally improved straw (NIS); HSTR 
= high level of starch supplemented with straw; HNIS = high level of starch supplemented with NIS.
2BCVFA = branched-chain VFA.





LSTR LNIS HSTR HNIS STR STA STR × STA
DM         
 Intake, kg/d 18.3 19.3 16.6 17.7 0.4 <0.001 <0.001 0.94
 Fecal flow, kg/d 6.26 6.99 5.74 6.36 0.15 <0.001 <0.001 0.62
 Digestibility, % 65.8 63.8 65.4 63.9 0.5 <0.001 0.78 0.53
NDF         
 Intake, kg/d 7.84 8.14 6.70 7.00 0.15 0.02 <0.001 0.97
 Fecal flow, kg/d 3.37 3.71 3.14 3.47 0.10 <0.001 <0.01 0.96
 Digestibility, % 57.0 54.5 53.2 50.3 1.1 <0.01 <0.001 0.85
Starch         
 Intake, g/d 2,877 3,053 4,205 4,490 88 <0.01 <0.001 0.48
 Fecal flow, g/d 57.7 60.1 60.5 65.6 5.4 0.53 0.49 0.82
 Digestibility, % 97.9 98.1 98.5 98.5 0.2 0.90 <0.01 0.85
WSC2         
 Intake, g/d 1,434 1,514 1,168 1,234 27.7 <0.001 <0.001 0.90
 Fecal flow, g/d 73.1 85.9 83.1 85.4 5.4 0.09 0.28 0.23
 Digestibility, % 94.9 94.3 92.9 93.1 0.3 0.54 <0.001 0.21
1LSTR = low level of starch supplemented with straw; LNIS = low level of starch supplemented with nutritionally improved straw (NIS); HSTR 
= high level of starch supplemented with straw; HNIS = high level of starch supplemented with NIS.
2WSC = water-soluble carbohydrates.
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untreated straw, whereas digestibility was higher in 
untreated-straw diets. Low-starch diets increased in-
take, fecal flow, and total-tract digestibility compared 
with high-starch diets.
The average starch intake was 3.7 kg/d, and high-
starch diets resulted in a 21.4% higher intake compared 
with low-starch diets, whereas inclusion of NIS also in-
creased starch intake by 6.5% compared with untreated 
straw. Similarly, the total-tract digestibility of starch 
was increased by 0.5% when high-starch diets were fed. 
The straw type of the diet did not appear to affect the 
fecal output or total-tract digestibility of starch. Simi-
larly, intake and total-tract digestibility of WSC were 
affected (P < 0.001) by the starch level; however, they 
were increased in low-starch diets. The inclusion of NIS 
in diets significantly affected WSC intake, increasing it 
by 5.9% compared with untreated straw. Fecal flow of 
WSC also tended (P = 0.09) to increase with inclusion 
of NIS.
The N intake, milk N, and N in feces and urine, 
along with whole-body N balance data, are presented 
in Table 7. The inclusion of NIS in diets and low-starch 
diets increased N intake by 10.4 and 6.7%, respectively. 
Mean N intake was 456 g/d, and the amount of N ex-
creted in feces averaged 158 g/d, resulting in fecal N 
output representing an average of 34.7% of N intake. 
The inclusion of NIS in diets also increased the amount 
of N in milk, resulting in 13 g/d more N. The average 
N in milk was 144 g/d, making milk N use efficiency 
on average 31.6%. The N content of feces was also sig-
nificantly affected (P < 0.001) by the straw type and 
starch level of the diet. Diets containing NIS showed 
10.6% higher N content, whereas low-starch diets were 
14.9% higher compared with high-starch diets. This re-
sulted in higher apparent N digestibility for high-starch 
diets (P = 0.05). The level of starch had a tendency (P 
= 0.07) to affect the N content of urine, proving to be 
12 g/d higher from cows fed low-starch diets. An aver-
age of 132 g/d of N was excreted in urine, representing, 
on average, 28.9% of N intake.
DISCUSSION
Animal Performance
Average DMI of the cows in the lactation trial was 
18.5 kg/d, which is similar to the DMI for lactating 
dairy cows reported in similar studies in our labora-
tory (Moorby et al., 2006, 2009, 2016). In the current 
study, the cows in the lactation trial were seen to have 
a higher DMI when fed diets with low starch levels 
compared with high. Little agreement exists in the 
literature about the effects of dietary starch concen-
trations on DMI; the regulation of DMI is a complex 
issue because several factors contribute to it. Hatew 
et al. (2015) reported similar findings to those in the 
current study when feeding low-starch compared with 
high-starch diets, in which DMI was 4.3% higher for 
low-starch diets. The findings of Miron et al. (2004) 
were also in agreement, reporting a reduced DMI in 
high-starch concentrate diets compared with high-NDF 
concentration diet. However, other studies have found 
that feeding low-starch diets to cows resulted in reduced 
DMI (Oba and Allen, 2003; McCarthy et al., 2015). 
These studies reported that diets with high levels of 
starch (31.7 and 26.2% of DM, respectively), compared 
with low levels (21.2 and 21.5% of DM), increased 
DMI by 2.0 and 0.8 kg/d. Allen et al. (2009) suggested 
that high-starch diets result in higher propionic acid 
production due to increased starch fermentation in the 
rumen, which may decrease DMI due to hepatic oxi-
dation. Increasing propionate as a proportion of VFA 
absorbed from the rumen causes its flux to the liver 
to increase during meals (Benson et al., 2002), where 
it stimulates oxidation by the liver, causing stimula-
tion of a signal to the brain to reduce feed intake. In 
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LSTR LNIS HSTR HNIS STR STA STR × STA
N intake, g/d 464 494 419 449 9.6 <0.001 <0.001 0.96
Milk N, g/d 142 152 134 149 5.8 0.01 0.24 0.60
Fecal N, g/d 159 183 140 151 4.0 <0.001 <0.001 0.13
Urinary N, g/d 137 139 128 124 8.5 0.91 0.07 0.64
Apparent N digestibility, % 65.8 62.8 66.3 66.1 0.8 0.11 0.05 0.15
N balance,2 g/d 26.3 19.1 16.6 23.7 10.8 0.99 0.78 0.42
MNE,3 % 30.5 30.8 32.2 33.1 1.5 0.66 0.13 0.82
1LSTR = low level of starch supplemented with straw; LNIS = low level of starch supplemented with nutritionally improved straw (NIS); HSTR 
= high level of starch supplemented with straw; HNIS = high level of starch supplemented with NIS.
2N balance = N intake − (milk N + fecal N + urinary N).
3Milk nitrogen use efficiency; calculated as milk N/N intake × 100.
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the literature, most studies investigating the effects of 
different starch levels in lactating cows’ diets replaced 
NDF sources with starchy ones (Oba and Allen, 2003; 
Miron et al., 2004; Hatew et al., 2015; McCarthy et al., 
2015). This led de facto to an imbalance in ME supply. 
In the current study, the lower supply of starch, and 
therefore ME, was balanced with the addition of WSC, 
fat, and NDF sources, instead of just NDF (Table 1). 
This resulted in isoenergetic diets, in which the sources 
of energy were different but the potential ME supply 
was the same. This is likely the reason why, in the 
current study, the rumen propionic acid concentration 
was not significantly different between low- and high-
starch diets. However, the uptake of propionate by the 
liver was not measured in the current study, nor were 
the other factors that could potentially cause a flux 
of propionate into the rumen, affecting concentrations 
there (Hall et al., 2015).
Cows fed NIS had a higher DMI compared with those 
fed untreated straw. Other studies evaluating the inclu-
sion of NaOH-treated forages reported similar findings. 
Canale et al. (1988) found that when NaOH-treated 
alfalfa-orchard grass hay was fed, DMI increased by 1.2 
kg/d compared with untreated hay. In contrast, Jami 
et al. (2014), found that DMI decreased by 1.2 kg/d 
when feeding NaOH-treated corn straw compared with 
wheat hay.
Huhtanen and Hristov (2009) conducted a meta-
analysis using a data set from Northern Europe and 
North America and reported that DMI and milk pro-
duction are highly correlated. Indeed, in the current 
study, the inclusion of NIS and low starch level, which 
resulted in higher DMI, also resulted in higher milk 
yield for NIS and a tendency for higher milk yield for 
low-starch diets. The higher milk yield with the inclu-
sion of NaOH-treated straw agrees with results found by 
Canale et al. (1988), who reported that NaOH-treated 
alfalfa-orchard grass hay compared with untreated hay 
resulted in a 1.4 kg/d higher milk yield. Milk protein 
and lactose yields were also all higher when fed NIS 
diets compared with untreated straw. In contrast, past 
studies have not found that NaOH-treated forages sig-
nificantly affected milk protein and fat yield (Canale et 
al., 1988; Leaver and Hill, 1995).
An increase in milk yield could influence milk pro-
tein yield and content (Jami et al., 2014). The current 
study supported this, with the 1.7 kg/d increase in milk 
yield when fed NIS being accompanied by a 0.09 kg/d 
increase in milk protein yield and a 4.0% increase in 
protein content. Another factor that can influence milk 
protein yield is the total N intake (Huhtanen and Hris-
tov, 2009). In this study, NIS diets resulted in increas-
ing N intake by 30 g/d. Increasing N intake can have a 
positive effect of microbial protein synthesis, which is 
the primary source of amino acids used for energy for 
milk production and composition yield (Kalscheur et 
al., 2006). In contrast, Jami et al. (2014) reported a 0.5 
kg/d increase in milk yield when cows were fed NaOH-
treated corn straw, which resulted in higher milk pro-
tein and fat contents. Even though we reported higher 
milk yield and increased milk fat yield for cows fed NIS, 
the fat content was not affected in the current study.
Milk fat yield is highly influenced by acetate ab-
sorption, which increases the expression of lipogenic 
enzymes in the bovine mammary gland and is a major 
substrate for de novo fatty acid synthesis (Urrutia and 
Harvatine, 2017). Although the ruminal concentration 
is not the most suitable way to measure the flux (Hall 
et al., 2015), in the current study ruminal acetate pro-
portion at 2 h after feeding was lower for NIS diets 
(Table 3). This could be due to a difference in absorp-
tion and passage of VFA and rumen fluid volume across 
treatments (Hall et al., 2015), which were not measured 
in this study. Moreover, milk fat concentration did not 
differ with NIS supplementation, and the tendency for 
increased milk fat yield could also potentially reflect 
the increased milk yield of cows fed with NIS. Similarly, 
increased protein milk yields and concentration among 
NIS-supplemented cows reflects the higher protein in-
takes observed (29.7 g/d higher for NIS diets relative 
to untreated straw diets). Additionally, the starch level 
affected the milk fat yield; a higher milk fat yield in 
low-starch diets could potentially be a result of low 
starch levels having a higher NDF concentration, which 
is consistent with the outcome when NIS was included. 
The MUN for the treatments averaged 6.26 mg/dL, 
which is relatively low but within the normal range 
observed in dairy cattle (3.6 to 13.1 mg/dL; Spek et al., 
2013). This is the result of the relatively high milk N 
use efficiency (MNE) observed in the current study. In-
deed, an average MNE of 27.7% was reported for North 
European studies (Huhtanen and Hristov, 2009), where-
as the current study had an average MNE of 31.7%. 
For the current study, we formulated the experimental 
diets using the Cornell Net Carbohydrate and Protein 
System, which was recently upgraded, especially in its 
protein submodel, and the evaluation indicated that it 
is capable of formulating low-CP diets without reduc-
ing milk yield (Van Amburgh et al., 2015).
Rumen Fermentation and Nutrient Digestibility
Ruminal pH for the rumen-trial cows was not affected 
by treatment. The pH remained above 6.0 for all hours 
of sampling for both trials. This may potentially be 
due to the higher level of NDF in the diets, averaging 
41.0% of DM, which would allow for a more optimal 
rumen balance of VFA production, reducing the risk of 
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lowered pH (Plaizier et al., 2008). The ruminal concen-
tration of NH3-N was not affected by treatment in the 
rumen trial; however, it was affected by the starch level 
of the diet in the lactation trial. When low-starch diets 
were fed, the NH3-N concentration was higher than 
when high-starch diets were fed. Higher levels of starch 
can result in a more rapidly available source of energy 
for microbes, whereby higher utilization of the excess 
of ruminal NH3-N and increase in microbial growth will 
occur (Bach et al., 2005; Calsamiglia et al., 2010). This 
could potentially be the result of lower NH3-N levels in 
high-starch diets. In this case, this could be beneficial 
to improving the N use efficiency of the cow by reduc-
ing the amount of excess N excreted and ultimately 
reducing N pollution (Foskolos and Moorby, 2018; So-
teriades et al., 2018). This was supported by our study, 
with both urinary and fecal N excretion being lower 
from cows offered high-starch diets, indicating that 
more NH3-N was utilized in the rumen instead of being 
absorbed and excreted.
As discussed previously, DMI was seen to be highest 
with inclusion of NIS. However, total-tract digestibility 
of DM and NDF was reduced when NIS was fed. As-
suming first-order digestion kinetics in the rumen, the 
amount of feed degradation in the rumen is determined 
by 2 factors: the degradation rate of the feed fraction 
and its passage rate (Ørskov and McDonald, 1979). 
Previous analysis using the in vitro system suggested 
that the degradable fraction of NDF of untreated straw 
was 67% NDF (Raffrenato et al., 2018), and that of 
NIS was 78% (David Cubitt, Sundown Products Ltd., 
personal communication). Unfortunately, we did not 
analyze lignin or undigested NDF content for untreated 
straw and NIS, but we did measure total-tract NDF 
digestibility. It should be noted that future use of 
the approach taken in this experiment would ideally 
include characterization of the lignin and undigested 
NDF values for both untreated and NaOH-treated 
straw to reduce variability. However, when a feed with 
a higher passage rate is spending less time in the ru-
men, this will result in less degradation of nutrients. 
Most empirical equations used to predict the passage 
rate of feeds incorporate DMI as an input (Volden and 
Larsen, 2011; Van Amburgh et al., 2015). However, the 
relationship between passage rate and DMI is recog-
nized, because the passage of feed residues out of the 
rumen is needed for further intake to occur (Krizsan et 
al., 2010). Therefore, in the current study, the higher 
DMI of NIS-fed cows may have affected passage rate, 
resulting in reduced DM and NDF digestibility.
As expected, higher DMI for NIS and low-starch di-
ets resulted in higher N intake, because all diets were 
formulated to be isonitrogenous. The positive relation-
ship between rumen NH3-N concentration and urinary 
N excretion is well documented (Bach et al., 2005; Cal-
samiglia et al., 2010). Therefore, the tendency for lower 
urinary N with high-starch diets can be attributed to 
the lower NH3-N concentrations measured with lactat-
ing cows at 0 h relative to feeding. Following the same 
trends discussed previously on DMI and DM and NDF 
digestibility, N digestibility was lower for high-starch 
diets where both DM intake and N intake were lower. 
Consequently, fecal N excretion was lower for high-
starch diets. Thus, feeding high-starch diets is likely to 
reduce N excretion from dairy cows. However, this was 
coupled with a reduction in milk production, such that 
overall MNE was not improved.
CONCLUSIONS
Results from this study demonstrated that dairy 
cows benefited from the inclusion of NIS in the diets. 
Inclusion of NIS improved DMI, resulting in a higher 
milk yield. A higher milk yield due to dietary inclusion 
of NIS also improved milk protein yield and content 
due to higher N intake. High starch levels in diets did 
not affect performance; however, inclusion of NIS with 
low starch levels was the most beneficial. These results 
illustrate that feeding NIS to lactating dairy cows at 
low or high starch levels had a positive effect on per-
formance. These results can be used to further increase 
production levels in the dairy industry.
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